slender platelets; in contrast, that on the TFC membrane demonstrated the formation of rosette 23 arrangements. Fourier transform infrared spectra and X-ray photoelectron spectroscopy proved 24 that the gypsum scaling on CTA membrane was dominated by bulk crystallisation with 25 subsequent deposition; while that on the TFC membrane was driven by surface crystallisation via 26 specific interaction between carboxylic functional groups and calcium ions. No interaction 27 between gypsum and CTA membrane surface was demonstrated by the largely unchanged ratio 28 of wavenumbers 1740 cm -1 (C=O stretching) to 1366 cm -1 (C-O stretching), as well as binding 29 energy of C1s on the CTA membrane. In contrast, specific interaction between carboxylic 30 functional groups with calcium ions during gypsum scaling was revealed by a gradual increase in 31 7 resolution C1s scan using XPS. In addition, the evolution of gypsum scaling on CTA and TFC 144 membrane surface was observed by Fourier transform infrared spectroscopy (FTIR). 145
Streaming potential measurement 146
Membrane surface charge was determined using a SurPASS electrokinetic analyser 147 (Anton Paar GmbH, Graz, Austria). The zeta potential of each membrane surface was calculated 148 from the measured streaming potential using the Fairbrother-Mastin approach [26] . All streaming 149 potential measurements were conducted in a background electrolyte solution containing 10 mM 150
KCl. Hydrochloric acid and potassium hydroxide were used to adjust pH by means of automatic 151 titration. The test solution was used to flush the cell thoroughly prior to pH adjustment for each 152 measurement. All streaming potential measurements were performed at room temperature (22.0 153 ± 0.1 ºC), which was monitored by the temperature probe of the instrument. 154
Scanning electron microscopy 155
The morphology of the gypsum scaling layer on CTA and TFC membrane was 156 characterised using a scanning electron microscopy (SEM) (JEOL JCM-6000, Tokyo, Japan). 157
Prior to SEM analysis, scaled membrane samples were air-dried in a desiccator and were 158 subsequently sputter coated with an ultra-thin layer of gold. 159
Fourier transform infrared spectroscopy 160
Gypsum scaling evolution in the initial stage (eight hours) on CTA and TFC membranes 161 were also assessed by Fourier transform infrared spectroscopy with attenuated total reflectance 162 (FTIR-ATR). For each specific time interval, a new membrane coupon was used for gypsum 163 scaling experiment. The gypsum-scaled membrane coupon was air dried for at least 24 h before 164 spectra were measured on an FTIR spectrometer (Thermo Scientific Nicolet 6700) equipped with 165 an ATR accessory consisting of a ZnSe plate (45° angle of incidence). Absorbance spectra were 166 measured with 64 scans of each sample at a spectral resolution of 2 cm −1 . Background 167 measurements in air were collected before each membrane sample measurement. ATR-FTIR 168 spectra were collected at two different spots for each membrane sample. The characteristic 169 wavenumbers for the CTA and TFC membranes were summarised in Table S1, Supplementary  170 Data. 
X-ray photoelectron spectroscopy 172
Bond chemistry of membrane surface layer was analysed by high resolution C1s scan 173 with XPS. Specifically, XPS analysis used monochromatic aluminium Kα X-ray photoelectron 174 spectrometer (Thermo Scientific, MA). A spot size of 400 µm was used to scan in the region of 175 the C1s binding energy at 20 eV pass energy. Two random spots on duplicate membrane samples 176 were selected. Excessive charging of the samples was minimized using an electron flood gun. 177
High resolution scans had a resolution of 0.1 eV. Calibration for the elemental binding energy 178 was done based on the reference for C1s at 284.6 eV. Data were processed by standard software 179
with Shirley background and relative sensitivity factor of 0.278 for C1s peaks. The high 180 resolution XPS spectra were subtracted by the Shirley-type background, and Gaussian-Lorentz 181 peak deconvolution was performed to estimate the binding energy shift of carbon C1s. For each 182 membrane type, the deconvoluted peaks were normalized against the peak at the lowest binding 183 energy (corrected to 284.6 eV). The characteristic C1s binding energies for the CTA and TFC 184 membranes were tabulated in Table S2 , Supplementary Data. The signal residual after 185 deconvolution was also plotted to assure the accuracy ( Figure S4 decline and 67% membrane surface coverage) was significantly higher than those by the CTA 246 membrane (45% water flux decline and 43% membrane surface coverage). 247
Such variation in the CTA and TFC membrane gypsum scaling warrants an in-depth 248 examination of gypsum scaling evolution to elucidate the underlying mechanism. Previous study 249 compared gypsum scaling on polyamide and cellulose membrane by measuring the adhesion 250 force using model gypsum crystal [19] , hypothesizing that the gypsum scaling on polyamide 251 membrane was dominated by surface crystallisation, while that on cellulose membrane was 252 controlled by bulk crystallisation. A detailed membrane surface chemistry analysis as well as an 253 in situ experimental approach can further advance and shed light on our understanding of 254 gypsum scaling on different membrane surface chemistries. 255
[ Figure 3 ] 256
Scaling evolution 257
Gypsum scaling evolution of the CTA and TFC membranes were quantified by the real-258 time observation technique. Development of gypsum scaling layer on the CTA and TFC 259 membranes were imaged at specific cumulative permeate volume (Figure 4) . Visually, gypsum 260 scaling on the TFC membrane was not only more severe, but also progressed more rapidly in 261 comparison with the CTA membrane. Indeed, early gypsum scaling on TFC membrane was 262 visualised even at cumulative permeate volume of 400 mL (corresponding to 6 hours of 263 filtration). At the conclusion of gypsum scaling experiments, the coverage of gypsum scaling 264 layer on the TFC membrane was more extensive than that on the CTA membrane. 265 The real-time experimental approach together with a wide range of initial water fluxes 282 employed here provided a distinctively different the gypsum scaling behaviour on CTA and TFC 283 membrane. In addition, the experimental evidence opens an opportunity to track the gypsum 284 12 scaling on both CTA and TFC membrane in a time-resolved manner, which was a significant 285 advancement in comparison with previous literature [19] . 286
Membrane surface chemistry plays an important role in gypsum scaling 287
Markedly different gypsum scaling behaviour, together with contrasted gypsum crystal 288 morphology on the CTA and TFC membranes suggested different gypsum scaling mechanisms. 289 Therefore, it is hypothesized that the CTA and TFC membranes, which possesses different 290 membrane surface chemistry, respond differently to the gypsum scaling. Specifically, the CTA 291 membrane, abundant with hydroxyl functional groups, was dominated by gypsum bulk 292 crystallisation and subsequent particle deposition; by contrast, the TFC membrane, rich in 293 carboxylic functional groups, is largely influenced by gypsum surface crystallisation via specific 294 interaction between membrane carboxylic functional groups and calcium ions. 295
Further evidence is provided to support this hypothesis by tracking changes in CTA and 296 TFC membrane surface chemistry by ATR-FTIR, as well as C1s binding energy shift of CTA 297 and TFC membrane surface by XPS. 298
FTIR 299
Changes in CTA and TFC membrane surface functional groups at the initial stage of 300 gypsum scaling were monitored by ATR-FTIR (Figure 6 ). The reference wavenumbers were 301 selected to demonstrate the interaction between gypsum and membrane interface, which can be 302 sensitively detected by the ATR-FTIR technique. The wavenumber that represents membrane 303 functional groups associated with the gypsum scaling were identified. The C=O stretching was 304 one characteristic wavenumber in the cellulose triacetate membrane where the C=O bond was 305 available in the structure of triacetate due to the phase inversion synthesis procedure. In addition, 306 ATR-FTIR is more surface sensitive in the high wave number region with a penetration depth 307 less than ~200 nm over 4000-2600 cm -1 . The penetration depth is greater than 300 nm at 308 wavenumbers lower than 2000 cm -1 , which means the chemical information of both the active 309 layer and polysulfone support layer can be obtained in the TFC membrane at wavenumbers 310 below 2000 cm -1 . The low wavenumber signal cannot be attributed to the interfacial interaction 311 between gypsum and TFC active layer alone. As a result, high wavenumbers (2970 cm -1 and 312 3400 cm -1 ) were used to track the gypsum scaling at the TFC membrane interface. 313
13
The ATR-FTIR spectra were used as a qualitative indicator of gypsum scaling on 314 membrane surface. The response of CTA membrane to gypsum scaling was revealed by the ratio 315 of absorbance at wavenumbers indicative of major functional groups on the CTA membrane 316 surface, specifically 1740 cm -1 and 1366 cm -1 , representing the C=O stretching and C-O 317 stretching in the ester and hydroxyl functional groups. The largely unchanged ratio of these two 318 wave numbers (I1740/I1366) showed that there was no interaction between gypsum and CTA 319 membrane surface. Reduction of absorbance at these two wave numbers was mainly driven by 320 the deposition of gypsum on the CTA membrane surface, thereby reducing the penetration depth 321 of IR beam and the collected absorbance signal. 322
[ Figure 6 ] 323
For the TFC membrane, progressive gypsum scaling was evident by two characteristic 324 wave numbers of 3400 cm -1 and 2970 cm -1 , which represented O-H stretching and C-H 325 stretching on the TFC membrane surface, respectively [40] . A gradual increase in the ratio of 326 absorbance at wavenumbers of 3400 cm -1 to 2970 cm -1 (I3400/I2970) was observed as gypsum 327 scaling progressed. This increase was mainly driven by the increased absorbance at 3400 cm -1 . 328
The notable increase suggested the occurrence of specific interaction between carboxylic 329 functional groups with calcium ions during gypsum scaling. The calcium ions formed complexes 330 with carboxylic functional groups on TFC membrane surface. As a result, the formation of 331 calcium carboxylate on the TFC membrane induced stronger stretching of the O-H, which also 332 enhanced calcium concentration on the membrane surface, thereby initiating the formation of 333 gypsum pre-nucleation crystals, and subsequently gypsum surface crystallisation. 334
Binding energy shift of C1s 335
To further elucidate the interaction between gypsum and membrane surface during 336 gypsum scaling, high resolution XPS scans were performed to examine the binding energy shift 337 of C1s of the CTA and TFC membranes after gypsum scaling. Specifically, no new peak was 338 identified on the CTA membrane after gypsum scaling ( Figure 7A and Figure 1A) , where the 339 major bonds were C-H and C-OH. This observation was consistent with the largely unchanged 340 absorbance ratio of the FTIR spectra during gypsum scaling ( Figure 6A) . As a result, the CTA 341 membrane with the predominant hydroxyl functional groups is neutral and does not have specific 342 14 interactions with calcium. Thus, it has much lower probability for gypsum to form pre-nucleation 343 crystals and precipitate directly on CTA membrane surfaces. The observations from FTIR 344 spectra and XPS scan supported the hypothesis that the gypsum scaling on the CTA membrane 345 was governed by crystallisation taking place in the bulk solution, which has negligible 346 interaction with the membrane functional groups. 347 Results showed here also agreed with previous studies comparing gypsum scaling on 360 CTA and TFC membranes. Mi and Elimelech [19] observed that the adhesion force between 361 gypsum particle and TFC membrane was significantly higher than that with CTA membrane. 362
However, via FTIR and XPS techniques, our work utilised a real-time approach to provide an in-363 situ understanding in the gypsum-membrane interaction. Particularly, tracking intensity change 364 in specific wavenumbers by FTIR enabled a swift response of gypsum-membrane interaction 365 from the perspective of characteristic functional groups. Further to this FTIR technique, our high 366 resolution XPS spectra clearly showed the presence of calcium carboxylic groups in gypsum 367 scaling on TFC membrane. Both experimental results provide a clear picture of how gypsum 368 interacted with the carboxylic functional groups on TFC membrane. The perspective from 369 membrane surface chemistry is one step forward in comparison to the indirect force 370 measurement used in comparison with previous work [19] . 371
As a result, it was suggested that gypsum scaling of TFC membrane was dominated by 372 heterogeneous crystallization, while that of the CTA membrane was dominated by bulk 373 crystallization. More importantly, these studies proposed that the adhesion force between foulant 374 and TFC membrane surface was greater than the CTA membrane, thereby significantly 375 decreasing the cleaning efficiency of the TFC membrane. The experimental observation also has 376 significant implication in providing a foundation for effective FO gypsum scaling mitigation by 377 controlling the membrane surface chemistry, which is critical to the next generation FO 378 membrane development in treatment of challenging waste streams. 379
Conclusion

380
Results reported here demonstrated that membrane surface chemistry played an important 381 role in gypsum scaling in FO process. Gypsum scaling, characterised by water flux decline and 382 gypsum crystal surface coverage using real-time observation technique, became more severe for 383 both CTA and TFC membranes as the initial water flux increases. However, at the same initial 384 water flux, the TFC membrane was subjected to more severe gypsum scaling than the CTA 385 membrane in terms of water flux and gypsum crystal surface coverage. More importantly, the 386 gypsum crystal morphology on the CTA featured slender platelets; by contrast, that on the TFC 387 membrane demonstrated the formation of rosette arrangements. As a result, the more severe 388 gypsum scaling together with contrasted gypsum crystal morphology suggested different gypsum 389 scaling mechanisms for CTA and TFC membrane. ATR-FTIR spectra and XPS scans proved that 390 the gypsum scaling on CTA membrane was dominated by bulk crystallisation with subsequent 391 deposition; while that on the TFC membrane was driven by surface crystallisation via specific 392 interaction between carboxylic functional groups and calcium ions. Specifically, the largely 393 unchanged ratio of wavenumbers 1740 cm -1 (C=O stretching) to 1366 cm -1 (C-O stretching) on 394 the CTA membrane indicated no interaction between gypsum and CTA membrane surface, 395 which was also confirmed by the C1s XPS scan. In contrast, a gradual increase in the ratio of 396 absorbance at wavenumbers of 3400 cm -1 to 2970 cm -1 was observed as gypsum scaling 397 progressed on the TFC membrane. This specific interaction between carboxylic functional 398 groups with calcium ions was also revealed by C1s XPS scan where the occurrence of the 399 16 carboxylate functional group at binding energy of 288.1 eV was found on the TFC membrane 400 after gypsum scaling. 401 Experimental conditions were as described in Figure 1 . 553
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